Abstract Pregnancy is a key mammalian reproductive event in which growth and differentiation of the fetus imposes extra metabolic and hormonal demands on the mother. Its successful outcome depends on major changes in maternal blood circulation, metabolism and endocrine function. One example is the endocrine pancreas, where beta cells undergo a number of changes in pregnancy that result in enhanced functional beta cell mass in order to compensate for the rising metabolic needs for maternal insulin. During the last 5 years, a series of studies have increased our understanding of the molecular events involved in this functional adaptation. In the mouse, a prominent functional change during pregnancy is the capacity of some beta cells to produce serotonin. In this review we will discuss the mechanism and potential effects of pregnancyrelated serotonin production in beta cells, considering functional consequences at the local intra-islet and systemic level.
Introduction
Pregnancy and lactation are key reproductive events that distinguish mammals from other vertebrates. To regulate these processes, the endocrine networks of the pregnant mother undergo drastic changes in order to accommodate the high metabolic demand of fetal growth. In one such network, pancreatic beta cells dynamically upregulate the capacity for insulin secretion to meet elevated physiological demands [1] . The importance of this adaptation is illustrated by gestational diabetes, a condition that develops when beta cells fail to meet these demands and that has adverse health effects both on fetus and mother [2] .
Two components enhance the secretory capacity of the pancreatic beta cell population during pregnancy. First, beta cell number increases because some of the already existing beta cells in the pre-pregnant state replicate [3] . Second, as a functional community, beta cells work harder in pregnancy, delivering more insulin into the circulation per unit of time. This is achieved by a combination of factors such as cellular hypertrophy [1] , increased proinsulin biosynthesis [4] , larger insulin stores [4] and a greater elevation in insulin secretory response after glucose stimulation [5] .
The present review addresses two aspects of an endocrine network in which the plasticity of mouse beta cells is involved. First, placental lactogens (PLs), a series of peptides closely related to growth hormone (GH) and prolactin (PRL) [6] , have potent and diverse effects on beta cells [1] . These effects are mediated via prolactin receptors (PRLRs), which are abundantly expressed on mouse beta cells [7] . Second, among the most upregulated genes of PL-stimulated mouse beta cells are the genes encoding the two non-allelic isoforms of tryptophan hydroxylase (TPH), the rate-limiting enzyme for serotonin biosynthesis. The upregulated synthesis and secretion of serotonin during pregnancy may contribute to an endocrine network of reproductive metabolism and this needs to be studied in further detail. But there are many questions and few final answers. What could the physiological role of this beta cell serotonin be? Could the amine act as a local regulator of beta cell function? Would the secreted serotonin-together with insulin-represent a feedback hormonal signal from PL-stimulated beta cells to the placenta and, if so, could beta cell serotonin be relevant for reproductive fitness?
PLs, PRLRs and pregnancy-related changes in rodent beta cells
Placental hormones drive many of the metabolic changes that occur during pregnancy. An important example is the PL family, which has a different evolutionary origin in various mammalian species [8] . As illustrated in Fig. 1 , species-specific gene amplification events in two different loci contribute to a variety of different peptides. A solitary Gh gene is found in rodents, while the Prl gene is amplified to 26 different paralogous genes in mice and 20 genes in rats. In contrast, humans and other primates have a single PRL gene but GH is copied several times, giving rise to the chorionic somatomammotropin gene family.
PLs act on PRLRs, which together with GH receptors belong to the class 1 cytokine receptor family. Characteristic features of the family members include possession of one transmembrane domain and a signal transduction machinery that depends on activation of Janus kinase 2 (JAK2) and phosphorylation of signal transducer and activator of transcription 5 (STAT5) [7] . Multiple Prlr transcript variants are known to exist; the encoded protein variants differ in their cytoplasmic tail length, signal transduction pathways used and tissue specificity of expression [9] . While liver predominantly expresses the short isoform, pancreatic beta cells primarily utilise the long variant of the receptor. Of all tissues examined, expression of PRLRs on rodent beta cells is among the highest and PLs are known to be an important signal for the altered regulation of glucose homeostasis during pregnancy [10, 11] . However, a number of interspecies differences exist and these may contribute to the wide variation in reproductive and growth patterns seen between different mammalian families. The striking interspecies difference in gene duplication events of the Prl and Gh gene loci (Fig. 1 ) may explain why human GH is more PRL-like than mouse GH in terms of pregnancy-induced changes in beta cells [12] . Mice and rats also exhibit some subtle differences in the expression profile of Ghr and Prlr, particularly in response to pregnancy. Fig. 1 The genomic organisation of the PRL and GH gene loci in mice and humans. The human PRL family has only one member, PRL, while in mice there are many local gene duplications resulting in a gene cluster on chromosome 13. The figure shows 23 genes of the Prl family that are located in one large gene cluster; the remaining three duplicate genes are outside this cluster (not shown). In contrast, the murine Gh gene family contains only one member, while in the human genome, the orthologous gene is duplicated several times, giving rise to the chorionic somatomammotropin gene cluster on chromosome 17 Moldrup et al [13] observed a low Prlr mRNA signal in the liver of male rats, and these authors measured pregnancyinduced increase in Ghr signal, in both the liver and pancreatic islet samples. In the liver of male mice, however, expression of the short PRLR isoform was detected [14, 15] . Moreover, in pancreatic islets of pregnant mice, Prlr expression was upregulated but no change occurred in Ghr expression [16, 17] . We will further comment on the differences between human and mouse islets in a separate section.
To better understand the molecular basis of PL on pancreatic beta cells, several research groups have analysed mRNA in murine islets of Langerhans during pregnancy [16] [17] [18] [19] and differentially expressed genes have been classified into various clusters. A first interesting regulated gene cluster concentrates on the direct biological effects of the PRLR itself. Confirming earlier reports, it was found that the mRNA signal encoding PRLR is significantly upregulated during pregnancy [16] , indicating the presence of a positive feedback loop by which initial stimulation of PRLR by PL leads to reinforcement of the signalling axis. On the other hand, the feed-forward signal is counterbalanced by upregulation of two transcripts encoding suppressors of cytokine signalling, CISH [20] and SOCS2 [21] . In addition, in a mouse model of PRLR deficiency we have shown that expression of this receptor is required for the induction of many of the pregnancy-related mRNA changes in mouse islets of Langerhans [14] . We observed that the largest functional cluster of upregulated genes during pregnancy encodes cell cycle proteins and that their expression peaks at around day 9.5 of pregnancy (P9.5) [17] . Examples of these upregulated genes include Mki67, Top2a and genes encoding different cyclins. The expression of two genes that were earlier mentioned in the literature, Foxm1 and Men1 [22, 23] , was, however, found not to be significantly altered in these screens. This may be explained by the too-low sensitivity of the screen or by the possibility that many regulatory events of replication occur at the post RNA level.
Serotonin production in mouse beta cells during pregnancy
Transcriptome analysis of islets isolated from pregnant mice identified very strong upregulation of the two paralogous genes encoding tryptophan hydroxylase, Tph1 (Fig. 2a) and Tph2 [16, 18, 19, 24] . These isoforms catalyse the same chemical reaction: the NADPH-dependent hydroxylation of carbon 5 of tryptophan to form 5-hydroxytryptophan, which is the substrate of the second step of serotonin biosynthesis mediated by the enzyme aromatic amino acid decarboxylase (also known as DOPA decarboxylase or DDC) [25] . As Ddc is already expressed in islets from non-pregnant female mice and in those from male mice, the upregulation of the tryptophan hydroxylase reaction introduces the complete pathway of serotonin biosynthesis in islets. Previous literature mentions the tissue-specific use of the two paralogous genes: Tph1 in enterochromaffin cells, mammary and pineal glands [26, 27] and Tph2 in the raphe nuclei of the brain [28] . A new tissue pattern was found in islets where both Tph1 and Tph2 are induced during pregnancy [16, 18, 19, 24] , fitting the idea that endocrine beta cells share many characteristics with neuronal cells [29] . Moreover, in one study [24] it was verified that the spectacular increase in Tph expression occurred specifically in pancreatic islets and not in other tissues. Are both paralogous genes important for serotonin production in beta cells? Time course analysis of pregnant mice indicated that in isolated islets Tph1 expression correlates better than the expression of Tph2 to serotonin content [18, 24] . Furthermore, the immunoreactivity of islets from pregnant whole-body Tph1-knockout mice was reduced below the level of detection (Fig. 2b) [24] .
The upregulation of Tph1 and Tph2 is dependent on activation of PRLRs [18, 24] . This has been demonstrated in in vitro models wherein the increase in Tph1/2 mRNA can be mimicked in a monolayer culture of islets of nonpregnant mice by stimulating them with nanomolar concentrations of ovine PL. The same phenomenon can be induced in the mouse beta cell line MIN6 (Fig. 2c) .
Among the different possible signalling mechanisms of the long PRLR isoform, the JAK2-STAT5 pathway seems most important (Fig. 3) . PRL signalling is triggered by PRL binding to preformed PRLR homodimers [7, 24, 30] . JAK2 is constitutively associated with the PRLR and is phosphorylated after PL binding. Phosphorylated JAK2 recruits and phosphorylates STAT5 [31] , which dimerises and migrates to the nucleus where it acts as a transcription factor. STAT5 recognises its target genes via an interferon γ-activated motif, which was recently identified in the Tph1 gene promoter [30] .
Beta cell heterogeneity
Early studies of glucose-induced insulin release [32] and glucose-stimulated insulin biosynthesis [33] indicated that important phenotypic differences exist between adult beta cells, so that a common signal for all cells elicits a heterogeneous cellular response. A related phenomenon was found when assessing PL-induced serotonin immunoreactivity in individual beta cells, both in vivo during pregnancy (Fig. 2b) and in vitro-either with isolated islets or with the mouse beta cell line MIN6 (Fig. 2c) [24] . Although the percentage of serotonin-producing cells was dependent on the PL concentration, it never exceeded 50%. A similar cellular heterogeneity was observed in an islet transplantation model (Fig. 2d) wherein female mice transplanted with islets from male or female mice were studied during pregnancy [14] . Why only part of the beta cell population is triggered to produce serotonin after stimulation with PL is not known. It is conceivable that the serotonin-immunoreactive beta cells are enriched in the beta cell subpopulations that do or do not proliferate during pregnancy, but no quantitative data are yet available in the literature. There are no anatomical details available indicating whether serotonin-producing beta cells are closer to nerve endings or arterioles of the islet microcirculation. What surprises most is that this type of heterogeneity is also present in a cultured cell line (Fig. 2c) indicating that stochastic models of chromatin conformation could apply to the Tph1 promoter region [34] .
Local effects of islet serotonin
In this section and the next we will review studies that examined the local and distal effects of serotonin that could contribute to the outcome of pregnancy in mice. For serotonin to exert local actions, serotonin-responsive beta cells must express serotonin receptors at sufficient levels to become biologically stimulated or inhibited (Fig. 3) . In the mouse genome, 14 different serotonin receptor genes are known [35] . Serotonin receptors are classified into seven different families (serotonin receptor 1-7 [HTR1-7]), some of which contain different subtypes. All but one of these receptor types are G-protein-coupled receptors (GPCRs), the exception being serotonin 3 receptors (HTR3A and HTR3B), which are ligand-gated cation channels. The different GPCR subtypes couple to different signalling cascades. As a consequence, serotonin has a wide variety of functions in different organs in the body [26] .
Which of these serotonin receptors could play a functional role during pregnancy in mouse islets? Relatively few studies [14] are available at present and unfortunately the results obtained are inconsistent. Kim et al reported that mRNA encoding serotonin 2B receptors (Htr2b) was upregulated between day 6 and 18 of pregnancy [18] . The authors assessed beta cell proliferation using BrdU staining in Htr2b −/− mice and observed fewer proliferating beta cells when compared with Htr2b +/+ mice. In addition, the Htr2b −/− mice had impaired glucose tolerance at day 13 of pregnancy when compared with wild-type mice. Towards the end of pregnancy, the same authors found that there was an increase in Htr1d mRNA and they correlated this event to normalisation of beta cell mass after delivery [18] . Their interpretation was that pregnancy-related beta cell proliferation in the mouse is upregulated by HTR2B and downregulated by HTR1D on beta cells, making serotonin a paracrine regulator of beta cell proliferation. This interesting hypothesis fitted with data in other organs, such as the regenerating liver, where platelet-derived serotonin acts as a mitogen [36] . However, the findings of Kim et al [18] were not confirmed by other groups. For instance, Layden et al [19] screened for Gpcr mRNA signals in pancreatic islets, detected mRNA expression of 343 different GPCRs in mouse islets and found 216 GPCRs above the detection limit in islets from pregnant mice. However, these authors did not find pregnancy-related changes in Htr2b mRNA in islets and reported the Htr1d signal to be undetectable [19] . In our laboratory, we performed quantitative RT-PCR analysis on mRNA of islets from pregnant and nonpregnant mice: signals for both Htr1d and Htr2b mRNA were below the detection limit [24] . Furthermore, our analyses of beta cell proliferation in a mouse model of whole-body Tph1 deficiency still detected normal levels of beta cell proliferation during pregnancy, while the signal of serotonin immunoreactivity in the islets disappeared (Fig. 2b ) [24] . The basis for the discrepant results between different laboratories is not clear, so currently there is no agreement as to whether or not serotonin regulates beta cell proliferation in the mouse. Could paracrine or autocrine serotonin regulate insulin release? This question was examined using a mouse model of Htr3a deficiency; this gene is constitutively expressed in islets of non-pregnant and pregnant wild-type mice [37] . The homozygous Htr3a −/− mouse strain had normal glucose tolerance except during pregnancy; this abnormality was accompanied by reduced compensatory upregulation of glucose-induced insulin secretion during pregnancy. The proposed underlying mechanism is a lack of HTR3A channels, which in wild-type animals allow serotonin-mediated influx of cations, depolarising the resting membrane potential and lowering the threshold for glucose-induced insulin secretion [37] . However, other studies have already shown that insulin secretion is increased due to a PRL-induced increase in glucokinase expression [38] . More research is needed to investigate how these two pathways regulate insulin secretion together during pregnancy. Another possible local effect is that islet blood flow is regulated by pregnancy-induced serotonin production. This merits further investigation as serotonin is known to have potent vasoconstricting effects [39] and because pancreatic islets are known to have a very high local blood flow that may underlie part of the functional heterogeneity between islets [40] . Previous studies of blood flow in islets of pregnant rats demonstrated that islet blood flow was increased at day 15 of pregnancy but decreased at day 18 of pregnancy [30] . Regarding the heterogeneous pattern of the serotoninproducing cells throughout the islet, it could be that local production of serotonin at strategically interesting locations in the islet regulates arterioles in islets of pregnant mice.
Effects of maternal serotonin on reproductive outcome
In addition to the potential local effects of serotonin, it is conceivable that beta cell serotonin is secreted into the bloodstream in which it would contribute to the free circulating or platelet serotonin pool and exert effects on other organs. In this context it is interesting to consider a bidirectional endocrine islet-placenta axis of communication in which PL-stimulated beta cells use the serotonin signal to communicate with the different placental/fetal units of a pregnant mouse. Former studies have shown that maternal serotonin is important for normal reproduction and fetal development [27, 41, 42] . Deletion of the Htr2b gene leads to some embryonic lethality before day 11.5 of pregnancy [41] . Surviving embryos display impaired heart development, including enlarged hearts and pericardial blood leakage, and surviving Htr2b −/− offspring display a progressive cardiomyopathy in which ventricular mass decreases due to a reduction in both number and size of the cardiomyocytes [43] . Consistent with these findings, Côté et al studied Tph1-deficient mice and found that the mutant mice displayed abnormal cardiac activity, resulting in progressive heart failure [44] . Another interesting finding was that Tph1 +/− embryos born from Tph1 −/− mothers had severe brain abnormalities, while Tph1 −/− embryos from Tph1 +/− mothers were normal [42] indicating that the fetal phenotype is correlated with the maternal rather than the fetal genotype. The interpretation was that maternal serotonin contributes to embryonic brain development before a fetus starts to synthesise its own brain serotonin. The maternal genotype was also found to correlate with the severity of cardiomyopathy of Tph1 mutant mice [45] . These studies did not identify the maternal tissue responsible for the serotonin needed for normal embryonic development. It remains to be investigated whether the pregnancy-induced production of serotonin in beta cells could be relevant. One possibility could be that beta cell signals contribute to serotonin production in the fetal part of the placenta from day 10.5 of pregnancy, which has been suggested to be important for brain development [46] . Figure 1 indicates that primates and rodents evolve differently to produce placental paralogues of the PRL-GH family. This poses the question as to whether or not PL-induced changes observed in islets from pregnant mice also occur in pregnant humans. Early studies with purified rat beta cells and human islets indicated that profound interspecies differences exist for very important membrane proteins such as GLUT2 [47] . In a genome-wide search for differences between human and rodent islets, PRLR was among the mRNA transcripts that were much more highly expressed in rodents than in humans [48] . An important difference between human and murine islets during pregnancy is that in humans there is little or no beta cell proliferation [49] . Moreover, PRL cannot induce human beta cell proliferation [15] . This unresponsiveness has been explained by a combination of low PRLR expression and low mitogenic effect of STAT5 signalling [50] . Literature concerning human autopsy material of patients that died during pregnancy is scarce. In the study by Kim et al [18] serotonin-immunoreactive staining of the human endocrine pancreas was reported, but these observations have not yet been confirmed by others. Taken together, these studies indicate that it may not be possible to extrapolate the pregnancyinduced serotonin production in mouse islets to human pregnancy.
Of mice and men

Conclusion and perspectives
In summary, a series of recent studies indicate that during pregnancy in the mouse, PLs stimulate islet PRLRs to trigger a strong upregulation of both isoforms of TPH, which activate serotonin synthesis and secretion by some (but not all) pancreatic beta cells. There are preliminary data that suggest islet serotonin may mediate some of the seminal changes (proliferation, higher insulin secretory response) that occur in the islets of pregnant mice, but these findings still need to be confirmed. The availability of a beta cell-specific Tph1-knockout mouse model would be a welcome addition to the research field. There are compelling reasons, other than the physiology of pregnancy, for clearly understanding the functional consequences of serotonin production by mouse beta cells, as serotonin production is artificially induced in many commonly used transgenic mouse models. The underlying reason is that the human GH minigene is used as a technical device to drive expression of the desired transgene [12] .
Another point of interest is the mechanism of heterogeneity: why is the intense production of serotonin only triggered in a subset of the beta cell population; does the anatomical position in the islet matter and could this be related to changes in pancreatic blood flow?
Also desirable is a better understanding of the important species differences between mammals. Rodent models are often used in diabetes research, with the assumption that results can be extrapolated to humans. But many differences between human and rodent beta cells have been found over the past decades and it seems likely that pregnancy-induced serotonin production in beta cells is one of these points of difference. Figure 1 explains that the paralogues of the Prl and Gh families have expanded in a fundamentally different manner in rodents on the one hand and humans on the other. This difference makes human GH much more 'lactogenic' than mouse GH. Furthermore, the expression level of GH receptors and PRLRs is much lower in human islets than in mouse islets [48] , leading to the prediction that serotonin is not induced in beta cells during human pregnancy. Even between mouse and rat beta cells there may be important differences in islet Ghr and Prlr mRNA expression [13] . Because serotonin reuptake inhibitors are commonly used in patients with depression, a condition that is sometimes associated with pregnancy, it is of great interest to study the influence of serotonin on human beta cells in greater detail.
